The influence of clouds on the large-scale atmospheric circulation is examined in numerical 6 simulations from an atmospheric general circulation model run with and without atmospheric 7 cloud radiative effects (ACRE).
where N is the Brunt-Väisälä frequency, a measure of static stability, and to its clouds-on value. 
167
The predominant features in the long-term mean control (clouds-on) circulation include:
168
• Large meridional temperature gradients and pronounced westerlies in the subtropical 169 upper troposphere (contours in panels a and b).
170
• Surface westerlies at midlatitudes and easterlies in the tropics (contours in panel a)
171
consistent with the role of eddy fluxes of momentum in the upper troposphere in driving 172 the surface wind (shading in panel a).
• Maxima in the eddy fluxes of heat near the surface at ∼50
• latitude and near 250 hPa 174 at ∼40
• latitude (shading in panel b).
• Large maxima in zonal-mean eddy kinetic energy centered near 250 hPa between 30
• - 
197
In terms of the modeled and observed distributions of clouds: The latitude/height struc-
198
ture of cloud fraction diagnosed from the model output (Fig. 1f ) bears resemblance to the 199 8 observed structure (Fig. 2f) . But the amplitudes are notably different. As is the case with 
219
The cloud-induced longwave radiative heating rates are about 3-4 times larger than the 220 shortwave heating rates, in agreement with results shown in observational studies (Kato et al. peaks near ∼200 hPa at the Equator (Fig. 5a ). The warming exceeds 2K throughout 254 the tropical troposphere and is consistent with the positive ACRE in the middle and
255
upper troposphere (Fig. 4c) . The cooling exceeds 5K throughout much of the extra-
256
tropical lower stratosphere and lies above the negative ACRE near the tropopause 257 (Fig. 4c) . Since the cooling of the extratropical tropopause region is not clearly collo-258 cated with the negative ACRE (as shown in Fig. 4c ), it must be driven dynamically,
259
as indicated further below.
260
• Lifting of the tropopause at all latitudes (the heights of the tropopause in the clouds-on
261
and clouds-off experiments are indicated by the solid and dashed lines, respectively).
262
The lifting of the tropopause is consistent with the modified thermal structure of 263 the atmosphere, i.e., warming of the troposphere juxtaposed against cooling of the 264 extratropical upper troposphere / lower stratosphere ( Fig. 5a ).
265
• Eastward wind anomalies in the extratropical zonal flow between ∼30
• -45
• latitude 266 juxtaposed against weak (but significant) westward anomalies poleward of ∼60 • (Fig. 5b ).
267
The vertical shear of the wind anomalies at upper levels is mandated by the large 268 meridional gradients in temperature at the tropopause level ( 305 Figure 7 shows the associated changes in static stability (left) and cloud fraction (right).
306
As also indicated by the changes in temperature (Fig. 5a ), ACRE lead to widespread de- dominates that of planetary boundary layer clouds (which radiatively cool the atmosphere). waves can be estimated from the Eady growth rate.
345
The response of the extratropical atmospheric circulation to ACRE is qualitatively con- 
398
The equatorial waves are driven by zonally asymmetric heating in the tropical atmo- with the increases in tropical eddy kinetic energy (Fig. 5c) , the anomalous equatorward flux 418 of eastward momentum (Fig. 6a) , and the anomalous eastward wind anomalies ( (Fig. 4c) 
440
is primarily balanced by a reduction in the latent heating, consistent with the reduction in 441 tropical precipitation evident in the clouds-on simulation (Fig. 8) . 
459
We have focused on the atmospheric response to ACRE imposed at all levels and lat-460 itudes. We tested whether the primary changes found in this study are due to clouds in the effects on the circulation of free tropospheric clouds.
467
We also tested the results in the aqua-planet configuration of the IPSL model, and found heating rates an temperature (see also Voigt and Shaw 2015) .
494
The findings raise several obvious questions for future work. • , 40
• , and 60
• latitudes for reference. Fig. 9 . Differences in the long-term mean, zonal-mean Eady growth rate between the cloudson and clouds-off experiments. a) The differences in the total Eady growth rate; (b) the difference due to changes in the meridional temperature gradient and (c) the difference due to changes in the static stability. The dashed lines in all panels indicate the long-term mean tropopause height in the clouds-off experiment. Increases in baroclinicity in the extratropical upper troposphere lead to enhanced eddy kinetic energy, larger poleward eddy heat fluxes, and larger eastward eddy momentum forcing.
Zonally asymmetric heating in the upper tropical troposphere leads to larger amplitude equatorial waves and eastward flow centered about the Equator.
Changes in eddy momentum forcing aloft lead to decreases in subtropical precipitation juxtaposed against increases in midlatitude precipitation.
Radiative warming in the tropics is primarily balanced by less latent heating and thus reductions in precipitation.
The basic impacts of atmospheric cloud radiative effects on the zonal-mean circulation ! ! Fig. 12 . Schematic diagram summarizing the basic impacts of cloud radiative effects on the zonal mean circulation, as revealed in this study. The shading is reproduced from Figure 4c and indicates the cloud radiative effects in the clouds-on experiment; the solid line indicates the long-term mean tropopause height from the clouds-on experiment.
